This annotated bibliography presents a compilation of references to significant papers relating to the study of interplanetary dust. Some references have been included from Bibliography on Meteoritic Dust with Brief Abstracts compiled by Hoffleit (Harvard College Observatory Reprint Series n-43, 45 pp., 1952) , and now out of print.
In the selection of references from the Hoffleit bibliography, we have attempted to include all important papers as well as representative samples that are of special interest for historical reasons.
In the selection of references published since the appearance of the Hoffleit bibliography, we have been guided by the main principles that Hoffleit adopted for her compilation:
Three types of dust have been considered as meteoritic dust in the search for material: particles that enter the upper atmosphere as minute dust particles (the zodiacal light may be a source of such); dust products of the disintegration of larger meteoroidal masses during their passage through the atmosphere; and possible pulverized remnants of meteorite-impacts.
In addition, we include some papers relating to interplanetary dust outside the earth's atmosphere.
As far as practicable, the titles of journals appear in the original language of publication. For maximum usefulness to the reader, however, titles of papers are given in English. Papers written in a language other than English are usually indicated by a parenthetical note.
1 Harvard College Observatory and Smithsonian Astropbyslcal Ob* servatory, Cambridge, Mass.
•Maria Mitchell Observatory, Nantuckct, Mass., and Yale University Observatory, New Haven, Conn. AHNERT, E. 1954. Preliminary report on attempts to detect meteoritic dust. Die Sterne, vol. 30, .) The lack of nickel in the spherules collected by Thomsen (1953) casts doubt on their interplanetary origin. Hoffmeister has collected dust in the neighborhood of factories and has found spherules (45 to 135jt in diameter) similar, at first glance, to Thomsen's spherules, but nonmagnetic. Collections from more isolated regions contained no spherules. Collections from snow showed no spherules but did show irregular particles, 15 percent of which were magnetic, with diameters of 100 to C. W. 1956. Influence of solar atomic emission on the orbits of interplanetary particles. Observatory, vol. 76, .
The author discusses the magnitude of the collision effect and shows that the rate at which particles approach the sun may be greater than that indicated by calculations based on the Poynting-Robertson effect. He does not consider the influence of largescale solar magnetic fields. ANGSTRSM, A. 1929. On the atmospheric transmission of sun radiation and on dust in the air. Geografiska Annaler, vol. 11, p. 156ff. The author studies the effect of dust on measurements of the solar constant; he be-86 lieves that dust of cosmic origin may be characterized by particles of smaller size than those of volcanic origin or of dust brought by convection from the earth to the atmosphere.
ANONYMOUS
1885. Meteoric dust. Sci. American, vol. 52, p. 83ff. The complete article reads: "A metallic substance in powder or small granules has been sent to the Science News laboratory for examination. It proves to be meteoric dust, largely composed of iron, nickel, and silica. Dr. Batchelder, of Pelham, N.H., who sent the specimen, states that he collected the dust on the walk in front of his house after a smart thunder shower. It is probable that large quantities of this material fall upon the earth, but remain unnoticed. Much of the iron found in soils is due to precipitation from interstellar spaces, the particles becoming entangled in our atmosphere." ANYZESKI, V. 1947. A conjecture on the nature of some meteoritic matter. Pop. Astron., vol. 55, pp. 169-171. The author suggests that some meteors may be solid hydrogen or ice with inclusions of ordinary meteoritic material. Some bolides on entering the atmosphere may have a thick coating of hydrogen that might account for some trains and might explain the "nebulous meteors." ARAGO, D. F. J. 1857. A list of the principal recorded showers of cosmic dust. Astron. Populaire, vol. 4, p. 208ff . ASTAPOVICH, I. S. 1958. Bolides and their dust trains. In Meteoric phenomena in the earth's atmosphere. State Publishing House of Phys.-Math. literature, Moscow. (In Russian.) In Chapter 29 the author discusses bolides and their dust trains, and gives lists of bolides observed in the U.S.S.R. Chapters 34 and 35 deal with meteoric and cosmic dust in the earth's atmosphere, and meteoric material on the earth's surface. The author gives a review of work done by others on meteoric and cosmic dust in the earth's atmosphere and on meteoric material on the earth's surface. He concludes that more than 16,000 tons of meteoric material fall on the earth each year. BARBIER, D. 1955. Variations in intensity of the zodiacal light. M6m. Soc. Roy. Sci. Li6ge, ser. 4., vol. 15, .) The author describes his photoelectric measurements in three colors of the intensity of the zodiacal light, and discusses the variations of intensity and color with time.
of the dust concentration with solar distance has this rate as an upper limit. He gives a few microns as the minimum radius of the dust particles, and deduces that near the minimum particle radius, the particle number varies as a" 3 -8 , where a is the particle radius. The mass of all the planets causes the dust to move towards the ecliptic, and the distance from the ecliptic is proportional to the solar distance of the dust. The dust concentration at the earth's orbit is approximately 10~M to 10~1 5 particles per cm 3 , but at the earth's surface it is 10~1 0 to 10~" particles per cm 3 . BEHR, A., and SIBDENTOPF, H. 1953a. Investigations of the zodiacal light and the gegenschein from photoelectric measures on the Jungfraujoch. Zeitschr. Astrophys., vol. 32, The authors observed the brightness and the polarization of the evening zodiacal light by using a photoelectric photometer in two colors. They also observed the night sky in the region of the gegenschein. They interpreted the observations on the working hypothesis that the zodiacal light material consists partly of free electrons, which cause the observed polarization, and partly of dust particles with radii greater than 10"* cm, which cause no noticeable polarization. For the space density of the electrons near the earth the authors give the value 600/cm 3 . The density rises in the ecliptic to around 1000/cm 3 at 0.6 a.u. from the sun, and falls to about 120/cm 3 at 1.3 a.u. from the sun. The space density of dust particles in the ecliptic outside Venus' orbit is constant, but inside Venus' orbit falls off somewhat towards the sun. The gegenschein has a simple explanation if we accept the hypothesis that a cloud of particles exists in the neighborhood of the libration point of the sun-earth system. Here the particle density exceeds by 10 or 10 2 the general particle density in the ecliptic.
1953b. The structure of the zodiacal light. Experimentia, vol. 9, At the Jungfraujoch the authors made photoelectric observations of the intensity and polarization of the zodiacal light. Chi the assumption that the polarization arises from free electrons, the authors calculate a space density of dust particles of 10~w/cm 8 , which is nearly constant through the ecliptic.
BOWEN, E. G.
1953. The influence of meteoric dust on rainfall. Australian Journ. Phys., vol. 6, . Data on worldwide rainfall suggest a correlation between rainfall and meteor showers. In some localities heavy rainfalls tend to occur on certain days in a pattern repeated yearly. The author suggests that meteoritic dust provides rain-forming nuclei when it enters cloud systems in the lower atmosphere. Particles with diameters of 1 to 4/x require 30 to 50 days to fall to about 45,000 feet above the earth. This rate of fall explains the 30-day lag between the occurrence of the Geminid, Ursid, and Quadrantid meteor showers, and the recorded maximum rainfalls. It is suggested that noctilucent clouds originate from meteoritic dust. BRACEWELL, R. N. 1953. Meteors and rain. Observatory, vol. 73, pp. 249-250 Chapter 6 contains reports in chronological order of falls of dust or fine material in dry or moist form. Also, pages 20-23 give a chronological table of supposed meteoritic dust-falls between the years 472 and 1816. Most of these are described as falls of red rain, red snow, or dust falls. More than 50 examples are given. CIALDEA, R. 1950. The spectral distribution of polarization in skylight. Ann. Geofis., vol. 3, From observations of the degree of polarization of light from the sky, three typical conditions are indicated in which the polarization increases, remains constant, or decreases with wave length. Theory shows that this relationship depends upon the ratio of scatter from particles of molecular size to diffuse scatter from layers of large particles, the thickness of these layers determining the type of spectral distribution. Among the large and very numerous hailstones found, a great number contained sandy matter. The author himself obtained only two such. In one there was only a minute quantity at the center. In the other, the nucleus of ash-grey color was about % inch in diameter and surrounded by pure ice. The minute amount of dust gained from this sample was insufficient for chemical analysis. Some of the grains were easily attracted by a magnet. It seemed probable that the dust was a combination of iron or nickel with some other unidentified substance. , vol. 57, p. 459, 1949; Sky and Tel., vol. 9, p. 54, 1950 . Means have been developed for collection of air-borne particles of sizes down to well below one micron. Methods are given for combined microscopic and chemical analysis. As a by-product of studies of mass movements in the atmosphere, cosmic dust in the air is being investigated. If tests show iron, nickel, and cobalt, the dust particles are probably of meteoric origin. DAUBREE, A. 1893. Deep-sea deposits. Smithsonian annual report for year ending June 30, 1893, p. 545ff. The paper includes a section on mineral substances of extraterrestrial origin (pp. 557-560), gives general discussion on the plausibility of finding meteoritic dust on the sea-'bottom, and cites examples of meteoritic dust accretion. In regard to the friable chondritic meteorites that fell at Orgueil on May 14, 1864, the author comments that if, instead of perfectly clear weather, it had been rainy or the sky had been only covered with clouds through which the stones would have had to pass, nothing could have been gathered up but a viscous mud. 1935. Dust in the atmosphere. Journ. Roy. Meteorol. Soc, vol. 61, Discovery, vol. 16, . The paper gives a theoretical picture of a dusty atmosphere in which each particle of dust is surrounded by a pocket of air having temperature and humidity different from that of the general air mass. This picture is corroborated by the rising of haze tops, the air temperature above the Arabian Sea during the S.W. monsoon, and the diurnal variation of wind in that region. Some consequences are pointed out; one is that there may be a layer of dust high up in the atmosphere. The author announces the discovery of "false zodiacal light" seen in the western sky two or two and a half hours before sunrise, and probably related to the gegenschien. He discusses and rejects Glyden and Moulton's meteoric hypothesis. The density of "tail" decreases by a factor of two at intervals of 4.67 radii of the earth. This paper includes a bibliography of Eolian geology, a discussion of extraterrestrial dust, numerous references to the literature of cosmic dust, and a discussion of volcanic dust. 
Some investigations at the Arosa
Light-Climatic Observatory touching solar-terrestrial relationships. Sixth Report of the Commission for the Study of Relations between Solar and Terrestrial Phenomena, Orleans, p. 166. "Bright nights" are probably associated with an abnormal E-layer caused by invasion of cosmic dust particles. GRIMMINGER, G. 1948. Probability that a meteorite will hit or penetrate a body situated in the vicinity of the earth. Journ. Applied Phys., vol. 19, pp. 947-956.
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The author considers particles down to magnitude 30 (fine dust) and presents formulas for penetration if the particle speed is high relative to the propagation of plastic deformation in the target. The author gives a short account of research on meteoritic dust. He states that L. Kresak has disproved the observation of F. Link (1953) and Z. Linkova that the intensity of the earth's shadow observed during lunar eclipses depends upon the amount of meteoritic dust in the atmosphere; Kresak has shown that only very big meteor showers could have any influence on the intensity of the shadow. Guth states that the question could be settled by optical measurements of the brightness and polarization of the twilight sky. 1955. Meteorites large and small. Journ. Roy. Astron. Soc, Canada, vol. 49, pp. 49-63. An investigation was made of dust collected by a filtering device operated in an aircraft flying at an altitude of 6,000 feet in the Arctic. About 300,000 cubic feet of air were filtered, producing 1950 particles. Examination under a microscope of 100-power detected only two black spheres, in contrast to 36 collected by the same method above Windsor, Ontario, from air subject to industrial pollution. This work supports the conclusion of Hogg and Norris in 1949 that such spherules have a terrestrial origin. No bright metallic splinters were found, and the black spheres are probably not meteoritic. Assuming for the particles a mean density of 3 gm/cm 3 , the author computes that at 6,000 feet the Arctic air contained about 7 x 10~8 gm/ft 3 of solid material at the time of the collections. The magnetic fraction was 10 to 100 times greater than the amount expected from van de Hulst's calculations, and probably only a small fraction was extraterrestrial. The author favors the theory that interplanetary dust is primordial rather than debris from larger bodies, and thinks that the study of micrometeorites can hardly fail to add to our knowledge of the origin and history of the solar system. The authors describe dust collected by millipore filters on jet aircraft flying at heights ranging from 20,000 to 55,000 feet. The filters were examined with a high-power microscope. About 10,000 particles were measured. Some dark shiny metallic particles may be extra- The author describes his collection of irregular magnetic dust particles 1 to IOOJI in length, found in and around Ankara. Chemical analysis showed iron, but no nickel, cobalt, nor magnesium. The number of iron particles that fell daily was recorded with the daily meteorological data. The iron dust may be terrestrial, the result of erosion; or it may be extraterrestrial, from meteors. Some evidence indicates that maximum particle counts occur on or near the days of meteor showers. KLINE, B., AND BRIER, G. W.
A note on freezing nuclei anomalies.
Monthly Weather Review, vol. 86, pp. 329-333.
The authors made daily observations of freezing nuclei in the Washington, D.C., area during the first three months of 1958. In spite of the probable observational uncertainties, the fluctuations in the number of freezing nuclei were highly significant. Near the January dates for which maxima were predicted by a meteoric dust hypothesis the values were abnormally high, but later peaks do not seem to be associated with any known major meteor streams. An analysis of the dates of marked peaks shown by similar observations made since 1954 at other places tends to confirm the presence of singularities in January which are statistically significant.
1958. The mineral composition of the fusion crust of the Sikhote-Alin meteorite, and meteoritic and meteoric dust. Meteoritika, vol. 16, (In Kussian.) Sharp-edged particles from the dust contain nickel-iron, magnetite, and iron hydroxides (limonite and goethite). A few spherical and rounded particles, both solid and hollow, and from 0.2 to 0.04 mm in size, resemble in mineral composition the external zone of the fusion crust of the larger meteorites, which consists mainly of oxymagnetite. The latter has a microgranular structure with nodules of isometric form, 3 to 8/* in diameter. A difference of the order of 10 exists between values for the amount of meteoritic accretion deduced by direct determinations (Pettersson 1955) and by indirect measures (Link 1953) . To explain the difference Svestka thought it necessary to postulate meteoric particles with radii one tenth of a micron or less, while the author suggested a radius of one micron. Link believes Svestka's arguments to be incorrect, and that it is preferable to retain the value of one micron and to look elsewhere for an explanation of the difference, if it is not simply the result of the inevitable errors in the methods employed. The subsections present older observations of dust-showers, the various types, dust of unquestionable cosmic origin, lists of falls, and analyses. OLEAK, H. 1956 OLEAK, H. -1957 . The behavior of small meteoritic particles in the earth's atmosphere. Wiss. Zeitschr. Friedrich-Schiller Universitat, Jena, vol. 6, pp. 133-143. (In German.) The author presents a mathematical discussion of the behavior of small meteoritic particles (10~2 to 10~7 cm) in the atmosphere, and discusses their velocities as a function of height, the height at which they begin free fall, the time of fall, and problems of ablation.
OPIK, E. J.
Cosmic sources of deep-sea deposits.
Nature, vol. 176, pp. 926-927. The author gives a table (with references) for various abundance ratios obtained for iron, nickel, cobalt, and copper. He suggests that the nickel of the deep sea may be of cosmic origin, even though other abundances in sea material differ from those of meteorites. There is no good reason to assume that abundances of elements in cosmic dust would be identical with those in meteorites. Attention is called to the larger ratio of nickel to iron in cores from the Pacific, as compared with that in the earth's crust. Although the terrestrial abundances agree best with those of the deep-sea deposits, this does not necessarily imply a terrestrial origin for the latter. The earth's outer crust itself, being the last addition to our planet from cosmic sources, may be built of a material whose remnants are still falling on the earth from the zodiacal-light cloud.
Interplanetary dust and terrestrial
accretion of meteoric matter. Irish Astron. Journ., vol. 4, pp. 84-135. In a long and detailed discussion the author considers a number of processes of accretion and evaluates limits for particle sizes and amounts. The radius for metallic particles in interplanetary space has a lower limit of 7.2 X 10~6 cm because of radiation pressure. For compact stone fragments the lower limit is 1.9X10" 5 cm. Zodiacal dust is the main source of terrestrial accretion, and direct collision is the most important process. With a space-density of zodiacal dust of 2X10~2 1 gm/cm 3 , the total accretion is most probably 0.051 grams in 10 6 years per horizontal square centimeter of earth's surface, or 250,000 tons of meteoric dust per year over the entire surface of the earth. A table is included of the relative abundances of nickel, cobalt, and copper. 1950. The brightness and polarization of the daylight sky at altitudes of 18,000 to 38,000 feet above sea level. Naval Res. Lab. Report 3713, July 31. The data indicated the presence of large scattering particles in the atmosphere above the observers at all altitudes. Observations were made from a B-29 over Arizona, over southern California, and over western Canada, flying at 27,500 feet over snow fields and at 3,400 feet over cloud layer. The author gives the history of the fall of March 10, 1901, and states that particles of Fe3O 4 were found. PATON, J. 1951. Auroras and luminous night clouds. Nature, vol. 168, pp. 487-488.
The nature and origin of the clouds are still uncertain. Meteoric dust would tend to drift to and remain below the base of the temperature inversion at 80 km. The presence of the clouds at this level is in itself evidence for the existence there of a temperature minimum. PENNISTON, J. B. 1931. Note on the origin of loess. Pop.
Astron., vol. 39, pp. 429-430.
The author proposes meteoric dust as the origin.
1942. Detailed description of the zodiacal light. Pop. Astron., vol. 50, pp. 547-552.
This paper, based largely on observations by G. Jones during Perry's expedition to Japan, 1853-1856, favors the theory that zodiacal light is a ring or disc around the sun. The nickel content in most cores was much higher than the average value for continental rocks and sediments, with maximum values ten times higher than the continental average. The highest nickel values were found in material with a low rate of sedimentation (of the order of 1 millimeter in 1,000 years).
The authors found considerable variation with depth in the nickel content below the sediment surface. No correlation with manganese and iron contents was evident except in places where a change in the rate of sedimentation appears to have affected all three elements similarly.
The authors tentatively suggest that the abyssal nickel may derive partly from the settling of cosmic dust over the earth's surface.
PICH, R. (see under Schoenberg and Pich
1952. The collisions of asteroids. Astron.
Journ., vol. 57, p. 23.
Several million tons of matter are pulverized to dust annually by collisions between minor planets. This dust is thought to replenish the dust of the zodiacal light that slowly spirals into the sun. The distribution of gas and dust is fairly continuous between the sun and the earth. Blackwell's photography from aircraft at eclipses, with subsequent measures and analyses, has closed the gap between the corona and the zodiacal light measures. Evidence shows a variability of the zodiacal light, which probably results from variation in the number of electrons in the gas rather than from a changing amount of dust. Although satellite research, with measurements from places far beyond the moon, will be valuable in later years, the best optical techniques used either from the ground or from conventional aircraft can still add to our present knowledge. Seven hundred samples of soil were collected from an area of 80 square miles around the crater. Three types of strongly magnetic material were separated from the soil: (1) particles of nickel-iron; (2) ironoxide particles; and (3) black shiny particles, probably bits of magnetite. The author concludes that 12,000 tons of meteoritic material surround the crater in the form of dust. He believes that the meteorite approached from a southwest direction and, when it hit the earth, pitched forward large amounts of fragmented and molten material. 1957b. A soil survey around the Barringer Crater. Sky and Tel., vol. 16, . The author gives a popular presentation of the data given in Rinehart (1957a The problem of the origin of metallic dust deposited from the atmosphere or found in the soil or on the ocean floor has recently attracted renewed attention. From 10-day collections of such dust made in July to October during the years from 1927 to 1936, L. Rudaux infers that magnetic particles were more plentiful at the beginning of August, and finds another maximum at the end of August and in early September. In 1928 and 1933, copious deposits also occurred in October (Giacobinids). Systematic observations are desirable. RUDAUX, L. 1930a. Meteors. L'Ulustration, vol. 88, p. 513ff. (In French.) Magnetic dust-deposits are more abundant in the period of the year that is rich in meteors. The number of such particles does not increase proportionally with the very variable deposits of atmospheric dust. At Donville the deposits are even more abundant when the wind blows constantly off the sea. Two days after the passage of a great bolide in September 1927, the fragments were so voluminous that they could be seen with the naked eye on the receiving surface. The author thinks this tends to break down the distinction between meteors and bolides.
1930b. Meteors and the earth. Aerial dust.
La Nature, vol. 58, part 2, p. 439ff. (In French.) In this general, illustrated article, the author discusses magnetic particles of extraterrestrial origin. 1923a. The constitution of the upper strata of the atmosphere. Philos. Mag., vol. 46, p. 557ff. The author assumes a dust atmosphere above the gaseous atmosphere, the gaseous ending at about 80-100 km above the surface, with the dust comparatively dense at 100-120 km, slowly decreasing upward. 1923b. Distribution of matter in the highest strata of the atmosphere. Videnskapsselskapets Skrifter, Mat.-Naturv. Klasse (Kristiania), no. 10. The author discusses nitrogen dust in the upper atmosphere, the tendency for electrified dust to drift toward the magnetic equator, and the bearing of his theory on the interpretation of the zodiacal light and gegenschein. 1923c. On the constitution of the upper layers of the atmosphere. Comptes Rendus, Paris, vol. 176, p. 1488ff. (In French.) This paper discusses nitrogen dust in the highest layers of the atmosphere, and its bearing on color changes along the paths of meteors. The authors designed a photometer to measure the absolute intensity of the twilight in five narrow bands of wavelengths from the red to the ultra-violet region of the spectrum. Gradients of the logarithm of intensity and color ratios give complex but sensitive indicators of dust scattering, which is small but measurable if precise absolute methods are used. The problem is very complex, but the authors think that useful information can be obtained up to 120 km for observations in blue light, and up to 75 km for observations in red light. Astron. Union, vol. 8, pp. 293-300. Work in Czechoslovakia included investigation by M. Plavek on the PoyntingRobertson effect, the age of showers, and the dimensions of comets; Link studied the concentration of meteoritic dust falling through the atmosphere. In Japan, Huruhata carried out investigations on the light of the night sky and the zodiacal light; he found a relation between the zodiacal light and Comet Encke, and between the zodiacal light and the solar corona. In the U.S.S.R., Fesenkov's work on meteoritic matter in interplanetary space dealt also with the zodiacal light. Astapovich and Khvostikov studied noctilucent clouds and found that they are not caused by meteoritic dust but by condensation of water vapor.
1952b. Results of rocket and meteor research.
Bull. Amer. Meteorol. Soc, vol. 33, . This paper discusses the pitting of shiny surfaces of rockets probably by micrometeorites, and the possibility of their contributing to E-layer ionization, light scattering, and twilight sodium radiation.
1955a. A comet model. III. The zodiacal light. Astrophys. Journ., vol. 121, pp. 750-770. The author considers the probable cometary contributions to the zodiacal cloud on the basis of the icy-comet model. He assumes the zodiacal cloud to be of the nature deduced by van de Hulst and Allen from their studies of the Fraunhofer corona and the zodiacal light. According to the Poynting-Robertson effect, the zodiacal cloud needs for its maintenance about 1 ton/sec of small particles in the 10~4 to 1.0 cm range. Comets continuously contribute some 30 tons/sec. They lose matter by the following four physical forces or processes: (1) interstellar wind, (2) Jupiter's random perturbations, (3) the Jupiter perturbation barrier, and (4) collisional destruction. The first and fourth of these seem to be the most important. Collisions among the particles seem to be most responsible for the cutoff in zodiacal particle size above 0.03 cm, as found by van de Hulst.
If it is great enough, corpuscular radiation may be more important than the Poynting-Robertson effect; it may also require more material for the zodiacal cloud. If this is true, corpuscular radiation will increase the critical cutoff dimension. The author states that the PoyntingRobertson effect requires approximately one ton/sec of small particles 10~4 to 1.0 cm in diameter to maintain the zodiacal cloud. Consideration of the effect of corpuscular radiation may indicate a considerably larger source of material for the zodiacal cloud. The probable contribution to the zodiacal cloud from comets is considered on the basis of the icy comet model.
The meteoric risk to space vehicles.
Proc. 8th Int. Astronaut. Congr. Barcelona, 1957, pp. 418-428 .
The author discusses the distribution and rate of fall of meteoritic material as functions of mass and velocity, and presents a table concerning meteoroids and gives formulas for computing the probabilities of penetration in space vehicles. The author calculates upper limits for the effects of erosion on a space-exposed surface subject to erosion by meteoritic dust, corpuscular radiation from the sun, and gases of the extended solar corona. He concludes that
